Anandamide ( N-arachidonoylethanolamine, arachidonoylethanolamide) is a member of the lipid molecule group called the N -acylethanolamines (1, 2), and it is also an agonist for the cannabinoid receptors (3) (4) (5) , for the vanilloid receptor (6, 7) , and for the regulation of the exchange efflux kinetics-1 potassium channel (8) . Other anandamide receptors also may exist (9) . The synthesis of anandamide from a precursor phospholipid is catalyzed by a specific phospholipase D (10) (11) (12) that may be intracellularly located in membranes (10) . To affect other cells, anandamide has to pass through the plasma membrane of the cell where it is generated. Furthermore, extracellular anandamide has to pass through a plasma membrane to be hydrolyzed by the fatty acid amide hydrolase (10, 13) that is found in intracellular membranes (14, 15) . Anandamide has important mediator roles in inflammation (16) , in pain modulation (17) , and in the vascular system (18) . In the extracellular compartment, anandamide binds to serum albumin (19, 20) .
Cellular uptake of anandamide in the monomeric form occurs as a sequence of at least three steps: release from its binding protein, membrane translocation, and binding by intracellular binding proteins and / or metabolic transformation by intracellular enzymes. Several cell types have been used to study the cellular uptake (15, 21, 22) . In spite of much effort, it is still unsettled whether the membrane translocation is governed by a simple diffusion through the lipid bilayer of the membrane, whether proteins are involved, or whether both mechanisms exist simultaneously (23) (24) (25) (26) (27) . A similar discussion of the transport mechanism, for and against a simple diffusion through the lipid bilayer, has been going on for years with regard to fatty acids. However, in contrast to anandamide, these lipophilic molecules are present in aqueous phases as ions. Normally, ions need transport proteins to pass biological membranes. Several proteins have been isolated that are claimed to be responsible for the transmembrane movement of fatty acids, although it is not explicitly stated whether the membrane proteins facilitate the transport of the ionized or the unionized molecules (28) (29) (30) . The opinion of others is that transport across cellular membranes occurs by diffusion through the lipid bilayer of the neutral form of fatty acids (31, 32) . Finally, both mechanisms may exist, but again, no clear solution to the problem has emerged.
We have used the erythrocyte membrane that classically has been used for transport studies. Resealed red blood cell membranes (ghosts) can be used as a model system for cellular plasma membranes in general, in which interference from cytosolic proteins and metabolizing enzymes is avoided. The limitation of the model is that membrane lipid composition, cytoskeleton proteins, and transmembrane proteins are to a certain extent different from those of other cell types.
Our conclusion regarding fatty acid uptake through human red blood cell membranes is that proteins are important, but as determinants of specific lipid domains through which the fatty acids in neutral form are transported by diffusion (33) (34) (35) . Kleinfeld, Storms, and Watts (32) have also reported that fatty acid transport across red blood cell ghosts is reasonably well described by transport across the lipid phase of the membrane. The aim of the present study is to determine the rate by which anandamide passes through a biological membrane and in this way learn about the transport mechanism. Our results show an extremely rapid transport of anandamide through the erythrocyte membrane (within seconds), but they do not give an unambiguous elucidation of the transport mechanism.
MATERIALS AND METHODS

Materials
Radioactive anandamide ([ N -arachidonoyl-5,6,8,9,11,12,14,15-3 H]ethanolamine; specific activity ϭ 215 Ci mmol Ϫ 1 ) was obtained from Perkin-Elmer Life Sciences, Inc. (Boston, MA), and unlabeled anandamide was purchased from Biomol Research Laboratories, Inc. The purity of both anandamide preparations was controlled by chromatography on a Sephadex LH-20 column (160 ϫ 0.8 mm) using dichloromethane as eluent. [ 3 H]inulin (specific activity ϭ 5 Ci mmol Ϫ 1 ) was from Amersham Biosciences (Hillerød, Denmark). The scintillation fluid Ultima Gold was from Packard Instrument Co., Inc., and BSA fraction V (fatty acid-free) was from Boehringer Mannheim GmbH.
Preparation of erythrocyte ghosts
The preparation of a uniform population of BSA-free and BSA-filled resealed "pink" ghosts from freshly drawn human blood was carried out as described previously (36) . The resealed ghosts were isolated from the hemolysate by centrifugation and washed at 0 Њ C with 165 mM KCl, 2 mM phosphate buffer, pH 7.3, containing 0.02 mM EDTA/EGTA (1:1, v/v) (buffer I). They were stored in the same buffer containing BSA of appropriate concentrations and used for experiments within 2 days. The density of ghosts is 1.02 g/ml, and for calculations, we assumed 1 g of packed ghosts ϭ 1 ml. Eight donors, including both men and women (age 21-64 years), were used.
Preparation of incubation buffers
[ 3 H]anandamide and unlabeled anandamide were dissolved in 50 l of benzene, just enough to moisten 200 mg small glass beads (diameter of 0.1 mm). The benzene was sublimated at low pressure, and incubation buffers were prepared by shaking the anandamide-loaded beads with a solution of BSA in buffer I for 15 min at room temperature.
Membrane binding experiments
BSA-free ghosts were packed by centrifugation for 7 min at 30,000 g at 4 Њ C in a Sorval RC 5C plus. Packed ghosts were incubated with incubation buffer at a ratio of 2:3 for 50 min at 0 Њ C. After centrifugation, aliquots of the incubation buffer were taken for scintillation counting, and the rest was removed. The ghosts were washed in buffer I without BSA, and after removal of the supernatant duplicate samples of ghosts ( ‫ف‬ 25 mg), they were taken for weighing and counting.
The extracellular volume in the initial packed ghosts (20%) was measured with [ 3 H]inulin in experiments carried out parallel with the binding experiments. The extracellular volume after washing was 10%. The uptake (M) of anandamide by ghost membranes was calculated on the basis of the concentration in incubation buffer before (C b ; dpm/ml) and after (C a ; dpm/ml) the incubation as:
or directly from dpm in ghosts:
where Sp (dpm/nmol) is the specific activity of anandamide and d (dpm/mg) is the radioactivity in V (mg) ghosts. The corresponding molar ratio ( ) of anandamide to BSA is calculated as
The equilibrium constant for the dissociation of anandamide from ghost membranes is defined as
where [A] is the free water phase concentration of anandamide and M max is the maximal binding capacity. The equation can be arranged as:
This equation is used to analyze the data by nonlinear regression to determine M max and K dm .
Efflux experiments with ghosts
One volume of packed ghosts was equilibrated with 1.5 volume of incubation buffer at 0 Њ C for 50 min. Radioactive ghosts (with or without interior BSA) were then separated by centrifugation for 7 min at 30,000 g from buffer I containing labeled as well as unlabeled anandamide and washed with 10 volumes of buffer I, pH 7.3, at 0 Њ C. These washed suspensions of radioactive ghosts were distributed into 80 mm plastic tubes (inner diameter of 3 mm) and packed by centrifugation for 10 min at 17,000 g at 0 Њ C. The supernatant was removed by cutting the plastic tube just below the interface, and the packed radioactive ghosts ( ‫ف‬ 100-200 mg) were injected into 35 ml of vigorously stirred isotope-free buffer I containing BSA and unlabeled anandamide corresponding to the cellular value. Serial sampling of cell-free extracellular medium was done with the Millipore-Swinnex filtration technique. Ten to 15 samples were taken at appropriate intervals for the determination of the extracellular accumulation of radioactivity as a function of time. The activity of filtrates was measured by counting 400 l in 3.9 ml of Ultima Gold. The efflux experiments were all carried out at 0 Њ C, because the rapid efflux of anandamide from ghosts and our manual sampling technique do not allow higher temperature.
In control efflux experiments at low (0.065) as well as at higher (0.4) with no albumin in the outer medium, we found Ͻ 3.2% of the radioactivity in the medium. Furthermore, no time-dependent increase in supernatant radioactivity was seen.
THEORY OF EFFLUX
Efflux from BSA-free ghosts
The efflux of labeled anandamide from ghosts to the same concentration of nonlabeled anandamide in the BSA-containing buffer is an exchange efflux without a concentration gradient. Figure 1 shows the compartment models we used to account for the efflux kinetics of [ 3 H]anandamide from the ghosts. The mathematics of the corresponding equations and expressions are presented in the Appendix. The exchange kinetics follows a biexponential time course, and the solution of the second-order differential equation that describes the kinetics is (37, 38) 1 Ϫ a/a ϰ ϭ C1 e Ϫ␣ t ϩ C2 e Ϫ␤ t ; (C1 ϩ C2) ϭ 1 (Eq. 6)
The connections between the parameters of the model [B/E, k m , and k 3 ( Fig. 1) ] are as follows:
The efflux data are fitted to obtain a maximum correlation coefficient (R) by nonlinear regression analyses using the software Origin 6. Model parameters are calculated according to equations 7-9.
Efflux from BSA-filled ghosts
A model accounting for anandamide efflux from BSAfilled ghosts to BSA in the medium requires yet another compartment, namely, the intracellular pool of BSA-bound anandamide. However, the reliability of results obtained by fitting to three exponential functions is poor and thus of limited validity. Therefore, we have defined two new constants: k i for the unidirectional anandamide flow from internal anandamide-BSA complexes to the outer surface of the ghost membrane; and k m * for the unidirectional flow from the membrane outer surface to BSA in the medium (see model II). The theory of efflux from BSA-filled ghosts is exactly as for BSA-free ghosts and the equations are the same, but the rate constants k 3 and k m are replaced by k i and k m *.
Thus, the exchange kinetics follows a biexponential time course, and the solution of the second-order differential equation describing the kinetics is in this case 1 Ϫ a/a ϰ ϭ C3 e Ϫ␥t ϩ C4 e Ϫ␦t (Eq. 10) and the connection between the parameters of the model is now as follows:
For parameters, see Fig. 1 .
Scintillation counting
We used a Tri-Carb 2200CA liquid scintillation analyzer from Packard. The efficiency was 67% for 3 H in unquenched samples using 3.9 ml of Ultima Gold scintillation fluid. Counting rates were determined to a probable error of Ͻ1%.
Statistics and data analyses
The linear and nonlinear regression procedures given by Origin 6 (Microsoft) were used to determine the best fit of the data to the exponentials of the model. The formula to calculate the variations of terms was the general formula var(T(a,b,c . . . .)) ϭ var a (dT/da) 2 ϩ var b (dT/db) 2 ϩ var c (dT/dc) 2 ϩ . . . . . . . . and SD (T) as (var (T) 1/2 )(Eq. 14)
RESULTS
Membrane binding
The equilibrium binding of anandamide monomer to ghosts (without internal BSA) has been determined at 0, 10, 23, and 37ЊC for a molar ratio () of anandamide to BSA of Ͻ1. According to the definition of the equilibrium dissociation constant (K d ), the concentration of anandamide monomer in the water phase is [A] ϭ Kd /(1 Ϫ ) (19) . Figure 2A , B shows examples of the relationship between the binding (M) and [A] for Ͻ 1. The maximal binding capacity (M max ) was found to be temperaturedependent ( Table 1) . Efflux experiments have mostly been carried out at ϭ 0.2, so M has been determined at this value and at 0ЊC. The mean value of M is 5.25 Ϯ 0.39 nmol/g ghosts (n ϭ 9), and is 0.198 Ϯ 0.018. To investi- 
Exchange efflux of anandamide from BSA-free ghosts
The high reproducibility of these experiments enabled us to pool the data of several subsequent injections from the same ghost preparation as well as data from other ghost preparations. We have studied anandamide efflux for [BSA] o between 7.5 and 60 M. The data of a series with [BSA] o ϭ 30 M is presented semilogarithmically in Fig. 3 . The curve is not linear, which means that the efflux kinetics of anandamide cannot be described by a closed two-compartment model normally valid for water-soluble compounds. On the other hand, all experiments are well described by the three-compartment closed system and by the three-compartment approximation shown in Fig. 1 The most important finding of the analyses is that the two parameters B/E and k 3 are independent of [BSA] o , whereas there is a direct correlation between the rate constant of unidirectional flow from the outer membrane sites to BSA in the medium (k m ) and [BSA] o ( Table 2) . The latter effect is understood by the tracer uptake by BSA in an unstirred volume (V u ) and in a stirred volume (V s ) (37, 38) . The variable k m is not dependent on the K dm , equilibrium dissociation constant; M max , maximal binding capacity. n is the number of determinations. One gram of ghosts ϭ 9 ϫ 10 9 ghosts. 
Exchange efflux of anandamide from BSA-filled ghosts
We have studied the [ 3 H]anandamide effluxes from BSAfilled ghosts in several series with a minimum of 15 points in each series. Here, the exchange kinetics also follows a biexponential time course (model II; Fig. 1 Figure 5 shows exchange efflux kinetics from The model parameters were calculated according to equations 7-9. B/E is the ratio of anandamide associated with the membrane inner leaflet to anandamide associated with the membrane outer leaflet. For k 3 and k m , see three preparations of ghosts filled with 15, 30, and 60 M BSA and in all cases injected into a medium containing 30 M BSA. The lines are nonlinear regression lines fitting the data to a sum of two exponential terms with a known distribution. The efflux rate from BSA-filled ghosts is slower than from BSA-free ghosts but is still rather rapid. The efflux rate-that is, the anandamide release from intracellular anandamide-BSA complexes ( Table 3) .
A distinct pattern is seen with regard to the two rate constants k m * and k i . Except for the highest [BSA] o , the k m * values are not much different from k m determined in experiments with BSA-free ghosts (Table 2) , whereas k i decreases strongly with increasing [BSA] i no matter which [BSA] o is used (Table 3 ). This constant, k i , was compared with the rate coefficient (␦) of the efflux kinetics determined previously (37, 38) . Here, a similar decrease was observed, and again, unstirred volume inside the ghosts can explain this phenomenon.
DISCUSSION
Membrane binding
Both arachidonic acid (33) and anandamide show saturable binding to red blood cell membranes (Fig. 2) . The maximal equilibrium binding (M max ) of arachidonic acid to red blood cell membranes is 6 nmol/g ghost and is independent of temperature (0-37ЊC) (33) . This independence is interpreted as a binding of the fatty acid anion to membrane protein(s) followed by an instantaneous equilibration between ionized and unionized arachidonic acid and a subsequent diffusion of the neutralized form of arachidonic acid through protein-defined lipid domains. However, in the present study, we found that M max for anandamide was temperature-dependent and much larger than M max for arachidonic acid. This difference may be explained by the primary binding (capture) in the membrane of a neutral molecule and an anion, respectively.
The findings of a) an increasing M max with increasing temperatures and b) K dm values ( Table 1) that are not much different from the K d values for anandamide dissociation from BSA suggest two mutually contradictory interpretations. a) The existence at all temperatures of cholesterol/sphingolipid-rich, liquid-ordered domains in the cell membranes is well known (39) . Such domains containing predominantly saturated lipid hydrocarbon chains coexist with more disordered regions occupied by unsaturated phospholipids. One could speculate that the unsaturated anandamide binds to these regions of unsaturated phospholipids and that the disorder of the regions probably would be greater at higher temperature, leaving more space for anandamide. Consequently, the conclusion is that anandamide probably is bound in the lipid phase and not to proteins. b) K dm values in the nanomolar range (Table 1) suggest a specific and strong binding to the erythrocyte membrane analogous to the strong binding found for anandamide to BSA (19) . In this connection, it is interesting that anandamide is involved in the regulation of certain potassium channels (8) . Thus, it is still uncertain how anandamide is bound in the cellular membrane. However, when first bound, the membrane permeation of anandamide and of arachidonic acid in a neutral form may be similar.
Exchange efflux from BSA-free ghosts
Strong evidence for the reliability of the transport model ( Fig. 1) is that k m is directly proportional to the reciprocal value of the square root of [BSA] o , in accordance with the predicted effect of the unstirred layer as described in previous publications (37, 38) .
According to the present study, anandamide membrane k m * is the rate constant of anandamide transport from the outer surface of the ghost membrane to medium BSA, and k i is the rate constant of unidirectional flow from anandamide-BSA complexes inside the ghost to the outer surface of the ghost membrane (see model II in Fig. 1) . n is the number of series, with 15-34 points in each series. The rate constants k m * and k i are calculated according to equations 11 and 12, respectively. by guest, on October 21, 2017 www.jlr.org Downloaded from translocation is extremely rapid. With 60 M binding protein inside as well as outside the cells, the half-life for translocation through the membrane at 0ЊC to the extracellular binding protein is ‫61ف‬ s, so at 37ЊC, it is probably Ͻ1 s. Therefore, data obtained from anandamide uptake studies with lipid membranes lasting for minutes are probably not valid for the measurement of pure translocation processes (27) . Furthermore, anandamide uptake studies with micromolar concentrations without albumin in the cell culture media may give false results because of the aggregation and adsorption phenomena. In our experiments, no anandamide is released from the ghosts without albumin in the medium as a result of the very low free water concentration of anandamide (19) . This means that anandamide in such experiments is offered to the cells in concentrations that exceed the monomer water-phase concentration by a factor of Ͼ10 3 . Anandamide is a hydrophobic compound, and aggregations occur together with adherence to glass tubes and plastic wells if not bound to albumin (24, 40) , so added to buffer directly or dissolved in alcohol, the actual concentration is unknown.
Exchange efflux from BSA-filled ghosts
The exchange efflux from BSA-filled ghosts follows a biexponential time course. The rate constants k i and k m * can be determined by equations 11 and 12. The k m * values are not different from the values of k m except for one determination from two series at 60 M ( Table 3 ). The fact that there is only a difference at 60 M means that the unidirectional flow of anandamide from the intracellular BSA-anandamide complexes to the outer membrane sites can be accounted for by k i . Because k 3 ϾϾ k i , the transport from the small inner membrane pool of anandamide to the outer membrane pool is rapid and release from BSA i to the inner membrane pool becomes rate-limiting. If anandamide can diffuse quickly through the lipid membrane of erythrocytes, then it should probably also be able to diffuse through the plasma membrane of other cells. This conclusion does not exclude the possibility that anandamide can bind to a pool of intracellular proteins, including fatty acid amide hydrolase, fatty acid binding proteins (41) , and/or ceramide binding protein (42) .
All of these experiments were performed under steadystate conditions [i.e., the net flux of radioactive anandamide is balanced by an equal and opposite movement of nonradioactive anandamide (exchange efflux)]. This means that they are also valid as uptake experiments. Glaser et al. (27) performed short-term uptake studies of anandamide complexed to BSA, and they favor an uptake mechanism involving diffusion through the lipid bilayer.
In conclusion, our data show that anandamide is able to pass a biological membrane very rapidly, within seconds. Furthermore, this transmembrane movement occurs without ATP consumption and is independent of a concentration gradient or the metabolism of anandamide. However, the mechanism of membrane translocation of anandamide, whether it is a passive diffusion through the lipid bilayer or a protein-facilitated transfer, cannot be unambiguously settled from the present results. As anandamide is an uncharged lipophilic molecule, there may be no energy restriction to keep it on one side of the lipid bilayer and therefore no reason to believe that a protein has to be involved in the transport mechanism.
APPENDIX
In exchange flux, the net flux of labeled anandamide between two subsequent compartments is the product of the unidirectional flux of anandamide and the difference in specific activities. Therefore, the system kinetics can be described by the following first-order linear differential equations, expressed in the first-order rate constants k 3 and k m (Fig. 1) Ϫdb/dt ϭ k 3 B (b/B Ϫ e/E) (Eq. A1) da/dt ϭ k m E (e/E Ϫ a/A) (Eq. A2)
The total amount of labeled anandamide (T) is the sum of b, e, and a. 
